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Asymmetric Loading of Kar9 onto Spindle Poles
and Microtubules Ensures Proper Spindle Alignment
actions with the cortical dynein/dynactin complex (Du-
jardin and Vallee, 2002). EB1 acts in concert with the
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a multidomain protein that interacts with microtubulesSwiss Federal Institute of Technology
via a polybasic domain and through EB1 binding. APCETH-Hoenggerberg, HPM
also interacts with cortical factors, thereby linking mi-CH-8093 Zu¨rich
crotubules to the cortex (Dikovskaya et al., 2001). Stud-Switzerland
ies in Drosophila show that both EB1 and APC are re-2 McGill University
quired for proper alignment of the mitotic spindles along1205 Dr. Penfield Avenue
the epithelial cell plane (Lu et al., 2001). Thus, theseMontreal, QC H3A 1B1
studies reveal that conserved components of the molec-Canada
ular machinery interacting with the cell cortex localize
to the plus end of microtubules.
Simple unicellular organisms such as SaccharomycesSummary
cerevisiae also divide asymmetrically, suggesting that
the molecular mechanism underlying spindle position-Spindle alignment is the process in which the two
ing was established early in evolution. Prior to cell divi-spindle poles are directed toward preselected and op-
sion, S. cerevisiae cells undergo polarized growth toposite cell ends. In budding yeast, the APC-related
form a bud. Concomitantly, the mitotic spindle organizesmolecule Kar9 is required for proper alignment of the
in the mother cell. Inheritance of a daughter nucleus byspindle with the mother-bud axis. We find that Kar9
the bud is ensured through alignment of the mitoticlocalizes to the prospective daughter cell spindle pole.
spindle with the mother-bud axis. As a result, spindleKar9 is transferred from the pole to cytoplasmic micro-
elongation pulls one set of sister chromatids into thetubules, which are then guided in a myosin-dependent
bud, while the complementary set is pulled back intomanner to the bud. Clb4/Cdc28 kinase phosphorylates
the mother cell.Kar9 and accumulates on the pole destined to the
Spindle positioning is governed through cortical cap-mother cell. Mutations that block phosphorylation at
ture of the plus end of cytoplasmic microtubules emerg-Cdc28 consensus sites result in localization of Kar9
ing from the spindle (Beach et al., 2000; Adames andto both poles and target them both to the bud. Thus,
Cooper, 2000; Segal and Bloom, 2001). Two redundantClb4/Cdc28 prevents Kar9 loading on the mother
pathways are involved (Miller et al., 1998). The Kar9bound pole. In turn, asymmetric distribution of Kar9
pathway involves the microtubule-associated EB1 andensures that only one pole orients toward the bud. Our
APC homologs Bim1 and Kar9, the type V myosin Myo2,results indicate that Cdk1-dependent spindle asym-
and the kinesin-related protein Kip3 (Korinek et al., 2000;metry ensures proper alignment of the mitotic spindle
Lee et al., 2000; Miller et al., 2000; Yin et al., 2000; Millerwith the cell division axis.
and Rose, 1998). The Kar9 pathway acts primarily prior
to anaphase. Kar9 binds indirectly to microtubules viaIntroduction
the microtubule binding protein Bim1, and Kar9 polar-
ized distribution is dependent on its interaction with theAlignment of the mitotic spindle with a predetermined
type V myosin Myo2 (Beach et al., 2000; Korinek et al.,
axis of division occurs in many cell types and plays an
2000; Lee et al., 2000; Miller et al., 2000; Yin et al., 2000).
important role in cell morphogenesis, asymmetric cell
Through these interactions, Kar9 is thought to mediate
division, embryogenesis, and organogenesis. Position- the capture of cytoplasmic microtubules at the bud cor-
ing of the spindle is thought to depend on the interaction tex. In addition to its localization at the cortex, Kar9 also
of astral microtubules with cortical cues (Kaltschmidt localizes to spindle pole bodies (SPB) (Miller and Rose,
and Brand, 2002). However, how these interactions are 1998). However, Kar9 function at SPBs is not known. The
established and translated into correct spindle orienta- second pathway depends on the minus-end directed
tion is not well understood. motor dynein, the CLIP-170 homolog Bik1, the cortical
A number of microtubule binding proteins involved protein Num1, and the dynactin complex (Adames and
in microtubule-cortex interactions have been identified Cooper, 2000; Farkasovsky and Kuntzel, 2001). This
(reviewed in Gundersen, 2002). These proteins are pro- pathway acts predominantly during anaphase. Muta-
posed to both regulate microtubule dynamics and pro- tions affecting either pathway are viable and show only
vide a link to targeting cues residing at the cell cortex. minor defects in nuclear segregation. However, when
Representatives of this class of molecules in higher eu- both pathways are disrupted, cells are strongly defective
karyotes are the plus-end microtubule-associated pro- in nuclear segregation and not viable (Miller et al., 1998).
teins CLIP-170 and EB1 (Perez et al., 1999; Su et al., Since plus-end binding molecules such as Kar9 and
1995). CLIP-170 is thought to mediate microtubule inter- dynein are frequently observed at spindle poles (Segal
and Bloom, 2001), we wished to investigate whether
spindle poles play any direct role in spindle positioning.*Correspondence: yves.barral@bc.biol.ethz.ch
3 These authors contributed equally to this work. We show that asymmetric localization of Kar9 to the
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spindle pole and microtubules proximal to the bud is was lost in bim1 cells (Figure 1D). However, Bim1 is
symmetrically distributed on nuclear and cytoplasmiccrucial for proper alignment of the spindle along the
mother-bud axis. Asymmetric localization of Kar9 de- microtubules and on spindle poles (Figure 1E). Kar9-
YFP decorated only a subset of Bim1-CFP-labeled mi-pends on its phosphorylation by Cdc28/Clb4 and
Cdc28/Clb3. These complexes were also distributed crotubules (Figure 1F). Thus, while Bim1 is required for
Kar9 localization on spindle poles and microtubules,asymmetrically on spindle poles. Altogether, our results
indicate that Cdc28-dependent asymmetry of the spin- it does not account for Kar9 asymmetry. Thus, Kar9
interaction with microtubules and spindle poles mustdle plays a key role in spindle alignment with cortical
polarity. be spatially regulated.
Next, we tested whether Kar9 asymmetry was depen-
dent on the overall asymmetry of the cell. cdc42-1 cellsResults
fail to polarize their cytoskeleton and do not form a bud
at the restrictive temperature. However, they replicateKar9 Associates with the Spindle Pole Destined
DNA and assemble metaphase spindles correctly (Siato the Bud
et al., 1996). In these unbudded cells, Kar9 was stillTo reinvestigate the localization of Kar9 to spindle poles,
distributed asymmetrically on the spindle (Figure 1G).we examined cells expressing Kar9-YFP and either CFP-
Kar9 also distributed asymmetrically on spindle polesTubulin (Figure 1A) or the SPB marker Spc42-CFP (Figure
in cells treated with latrunculin A, a drug that depolymer-1B). As already reported (Kusch et al., 2002), Kar9-YFP
izes actin and disrupts the initial phase of spindle posi-expressed at endogenous level localized along microtu-
tioning (Theesfeld et al., 1999). Likewise, Kar9 asymme-bules and to microtubule plus ends (see Supplemental
try was not affected in the myo2-16 cells shifted to theMovie S1 online at http://www.cell.com/cgi/content/full/
restrictive temperature. Thus, Kar9 asymmetry is not112/4/561/DC1), as well as to spindle poles (Figure 1).
dependent on cortical cues or cortical asymmetry. ItRemarkably, in metaphase cells only one spindle pole
may, rather, depend on some intrinsic asymmetry of theand the cytoplasmic microtubules attached to it were
spindle.loaded with Kar9 (Figure 1A). Asymmetric localization
to the spindle pole did not depend on whether the spin-
dle was properly oriented (examples shown in Figures Cdc28 Activity Is Required for the Maintenance
of Kar9 Asymmetry1A and 1B). Also, treatment with nocodazole did not
lower Kar9 level at the pole (Figure 1C), indicating that Recent studies have implicated Cdc2 in asymmetric cell
division in Drosophila and Cdc28/Cdk1 in spindle orien-maintenance of this localization was not dependent on
the presence of cytoplasmic microtubules. Thus, Kar9 tation in S. cerevisiae (Tio et al., 2001; Segal et al., 1998).
How Cdk1 promotes asymmetric cell division is notlocalized asymmetrically to spindle poles as well as mi-
crotubules. known. To investigate this question, we constructed a
strain in which Cdc28 was replaced by its inhibitableAnalysis of microtubule dynamics indicates that the
two spindle poles are functionally distinct (Vogel et al. variant, Cdc28-1as (Bishop et al., 2000), and endoge-
nous Kar9 was C-terminally tagged with YFP. These2001). The pole destined for the bud actively produces
microtubules, while microtubules emerge from the cells also expressed CFP-Tub1 to visualize microtu-
bules. Treatment of this strain with the inhibitor (1NM-mother bound pole at a lower rate. The microtubules
produced by the daughter bound pole are also longer, PP1) led to growth arrest at G2/M, as assayed by spindle
and bud morphology, as previously described (Bishopallowing nonambiguous identification of this pole. We
analyzed Kar9 localization in movies of cells coexpress- et al., 2000). Control cells (CDC28 KAR9-YFP CFP-TUB1)
were not affected by treatment with 1NM-PP1. In theing Kar9-GFP and GFP-Tub1 or Kar9-YFP and CFP-
Tub1. In these cells, Kar9 predominantly associated with cdc28-1as cells, Kar9 rapidly redistributed upon drug
treatment, but not upon treatment with DMSO (Figuresthe daughter bound pole and associated microtubules;
92% ( 7%, N 138 movies) of the active poles showed 2A and 2B). Kar9 rapidly appeared on both poles and
on cytoplasmic microtubules emanating from both sidesKar9 staining compared to only 15% of the inactive
poles. Accordingly, in 89% ( 3%, N  334 cells) of the of the spindle. Such symmetric localization increased
within the first 10 min of treatment (Figure 2B) andcells with a short and properly oriented spindle, Kar9
associated with the spindle pole proximal to the bud. reached its maximum within 20–40 min. No such symme-
try was observed in control cells treated with the drug.Thus, Kar9 associated specifically with the pole des-
tined to enter the bud. These results indicate that Cdc28 activity is required to
maintain the asymmetric distribution of Kar9.To investigate the mechanism of Kar9 asymmetry, we
first tested whether its localization depended specifi- To test whether Cdc28 acts directly on Kar9, we inves-
tigated whether Kar9 was modified in a Cdc28-depen-cally on the proteins it is known to interact with physi-
cally or genetically. Thus, we tested whether spindle dent manner in vivo. The chromosomal copy of Kar9
was C-terminally fused with the TAP tag (Puig et al.,pole localization was affected in myo2-16, stu2-13,
dhc1, or bim1 cells. The myo2-16 allele affects Myo2 2001), and its modification was investigated by SDS-
PAGE and Western blot analysis. Kar9-TAP was fullyinteraction with Kar9 at 37C (Yin et al., 2000). Stu2 is
the yeast homolog of XMAP215 and localizes to spindle functional (see Figure 7G). Kar9 migrated as several
forms (Figure 3A), which were resolved to a single, fast-poles and microtubules (Wang and Huffaker, 1997). Kar9
localization was unaffected in myo2, stu2, and dhc1 migrating form upon treatment with phosphatase. In
agreement with Kar9 being a phosphoprotein, two-mutants (Figure 1G and data not shown). In contrast,
Kar9 loading on both microtubules and spindle poles dimensional electrophoresis (Figure 3B) revealed that
Spindle Asymmetry and Orientation
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Figure 1. Kar9 Associates Asymmetrically
with Spindle Poles
(A) Pictures of wild-type cells expressing
CFP-Tub1 and Kar9-YFP. The chromosomal
copy of KAR9 is fused with the YFP-coding
sequence, allowing expression of Kar9-YFP
at endogenous level.
(B) Wild-type cells with spindle poles labeled
with Spc42-CFP and expressing Kar9-YFP,
as in (A).
(C) Cells as in (B) but treated with nocodazole
for 30 min.
(D) Localization of Kar9 in bim1 cells. No
Kar9-YFP is seen on either microtubules or
SPB.
(E) Localization of Bim1. Picture of cells
where endogenous Bim1 is C-terminally
tagged with GFP.
(F) Colocalization of Bim1-CFP and Kar9-
YFP. Endogenous Kar9 and Bim1 are tagged
with YFP and CFP respectively. G-Quantifica-
tion of Kar9 asymmetry in cells affected in
the indicated manner. All pictures are projec-
tions of at least six z-sections through the
cell. Scale bars are 1 m.
Kar9 exists as a major form and three increasingly acidic phosphorylation is dependent on Cdc28 activity. First,
Kar9 phosphorylation sharply disappeared in the cdc28-isoforms (arrows, Figure 3B). Thus, Kar9 is a phospho-
protein in vivo. Several observations indicated that Kar9 1as cells upon treatment with the inhibitory drug. No
Cell
564
Figure 2. Asymmetric Loading of Kar9 onto Spindle Poles and Microtubules Depends on Cdc28 Activity
(A) Cells expressing the inhibitable form of Cdc28, Cdc28-1as, CFP-Tub1, and Kar9-YFP were treated with the inhibitor (1NM-PP1) or DMSO
for the indicated amount of time. Scale bar is 1 m.
(B) Quantification of Kar9 asymmetry in cells arrested with a short spindle (hydroxyurea block). Partial symmetry was scored when Kar9
fluorescence intensity on the mother bound pole and microtubules comprised between 10% and 50% of the intensity of Kar9 fluorescence
on the daughter side of the spindle. When the difference between the two sides of the spindle was less than a factor of two, the spindle was
considered as symmetric. At least 200 cells were counted each time.
such effect was observed with DMSO alone (Figure 3C). tation of both sites (Kar9-AA) abolished the formation
of slow-migrating forms (Figure 3E) and the formationSecond, Kar9 phosphorylation was also strongly re-
duced in the cdc28-4 mutant grown at the permissive of acidic isoforms (Figure 3F). Therefore, we conclude
that Kar9 is phosphorylated by Cdc28 at positions 197temperature and totally abolished upon shift to the re-
strictive temperature (Figure 3D). Third, the level of Kar9 and 496 in vivo. The site at position 496 may be con-
served in APC (adenomatous polyposis coli; Bienz,modification varied during the cell cycle, being high
shortly after bud emergence and decreasing at the onset 2001; Figure 3E).
The pattern of Kar9 phosphorylation during the cellof anaphase (Figure 4A). Finally, both S197A and S496A
mutations, which affect the two Cdc28 consensus sites cycle suggested that it depends on early cyclins. Con-
sistent with this possibility, Kar9 was hypophosphory-in Kar9, inhibited Kar9 phosphorylation (Figure 3E). Mu-
Spindle Asymmetry and Orientation
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Figure 3. Kar9 Is Phosphorylated in a Clb4-,
Clb3-, and Cdc28-Dependent Manner
(A) Kar9 is phosphorylated in vivo. The migra-
tion of a TAP-tagged version of Kar9 was ana-
lyzed by SDS-PAGE and Western analysis
using IgG for the detection. Immunoprecipita-
tions from asynchronous cells or cells ar-
rested in S phase with hydroxyurea (HU) and
treated or not with CIP phosphatase are
shown.
(B) Analysis of Kar9-TAP by NEPHGE reveals
three acidic isoforms (arrows).
(C) Phosphorylation is abolished upon inhibi-
tion of Cdc28. The cdc28-1as cells express-
ing Kar9-TAP at endogenous level were
treated with 1NM-PP1 or DMSO for the indi-
cated time. The cells were arrested with HU
for the entire time of the experiment. In this
strain and under these conditions, Kar9 is al-
most completely in its phosphorylated form
prior to drug treatment.
(D) Migration of Kar9-TAP in the cdc28-4
mutant.
(E) Migration of Kar9 mutants where putative
Cdc28 phosphorylation sites are mutated to
alanine. Sequences of the putative Cdc28
phosphorylation sites are shown. The site at
position 496 is conserved in the alignment to
APC proposed by (Bienz, 2001).
(F) Analysis of Kar9-AA migration, as in (B).
(G) Migration of Kar9-TAP in cyclin mutants.
Phosphorylated forms are indicated with an
arrow. The position of the nonphosphorylated
Kar9-TAP is indicated by a line.
lated in cells deleted for the cyclin gene CLB4, and to amount of Kar9-TAP, HA-Bim1, Stu2, and Myo2 present
in the IPs was estimated by Western blot analysis. Thea lesser extent, deleted for CLB3. In cells lacking both
Clb3 and Clb4, Kar9 migrated like Kar9-AA (Figure 3G). level of Myo2 and Stu2 co-IPing with Kar9 did not vary
significantly during the cell cycle (Figure 4A). In contrast,In contrast, Kar9 phosphorylation was unchanged in
cells deleted for either of CLN1, CLN2, CLB5, CLB1, or the amount of co-IPed HA-Bim1 decreased when Kar9
was maximally phosphorylated (Figure 4A). Thus, phos-CLB2 (Figure 3G). Thus, our results are consistent with
Kar9 being phosphorylated by Cdc28/Clb4 and Cdc28/ phorylation by Cdc28 may decrease the ability of Kar9
to interact with Bim1, similarly to what is the case forClb3 on Ser197 and Ser496 in vivo.
APC (Trzepacz et al., 1997). By modulating its affinity
for Bim1, phosphorylation might spatially regulate thePhosphorylation of Kar9 by Cdc28/Clb4
Controls Its Asymmetry ability of Kar9 to interact with microtubules and spindle
poles.We next investigated whether Kar9 phosphorylation af-
fected its interaction with known partners. Wild-type To investigate if Kar9 phosphorylation regulates its
distribution, mutants that inhibit Kar9 phosphorylationcells expressing Kar9-TAP and HA-Bim1 were synchro-
nized. At regular intervals, samples were taken and Kar9- in vivo (Kar9-S197A, Kar9-S496A, and Kar9-AA) were
C-terminally tagged with YFP, and their intracellular dis-TAP was immunoprecipitated (IP) from cell extracts. The
Cell
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Figure 4. Kar9 Phosphorylation Is Required for Its Asymmetric Loading on Spindle Poles
(A) Coprecipitation of Bim1 with Kar9 is reduced in extracts where Kar9 is hyperphosphorylated. Coprecipitation of Stu2 and Myo2 is not
affected. Wild-type cells expressing HA-Bim1 and Kar9-TAP were synchronized with pheromone. Samples were taken every 20 min and Kar9-
TAP was immunoprecipitated with IgG beads. The amount of Kar9-TAP, HA-Bim1, Myo2, and Stu2 in the immunoprecipitates was estimated
by Western. A quantification of Bim1/Kar9 ratios relative to cell cycle progression is shown. The amount of Bim1 present in each extract was
used to standardize Bim1 levels.
(B) Localization of Kar9 and Kar9-S197A,S496A (Kar9-AA) fused to YFP is shown in cells where microtubules are visualized with the CFP-
Tub1 reporter. In addition, the two bottom rows show the localization of Kar9-YFP in cells where the indicated cyclin is deleted. To ensure
proper visualization of Kar9- and Kar9-AA-YFP onto spindle poles, cells were shortly treated with nocodazole such as to depolymerize
cytoplasmic microtubules without affecting the spindle.
(C) Quantification of the asymmetric distribution of the different Kar9 mutants and of Kar9 in cells lacking the indicated cyclins. At least 200
cells were counted for each sample.
(D) Localization of Clb4-GFP at the spindle pole. SPC42-CFP pGAL:CLB4-GFP cells were grown in galactose for 3 hr and analyzed by
fluorescence microscopy. The GFP signal was recorded with a YFP filter to avoid cross talk with the CFP signal.
tribution was analyzed (Figure 4B). Kar9-YFP associated conclude that phosphorylation of Kar9 by Clb4/Cdc28
controls its distribution by preventing its loading and/with both poles of short spindles in only 15% of the
cells. In contrast, this proportion increased to 51% for or maintenance on the mother bound pole.
Kar9-S496A-YFP, 56% for Kar9-S197A-YFP, and 58%
for Kar9-AA-YFP (Figure 4C). Consistent with Clb4 being Clb4 Localizes to the Mother Bound Pole
The observation that Clb4 prevents Kar9 loading on thethe predominant cyclin for Kar9 phosphorylation, dis-
ruption of CLB4 similarly affected the asymmetric distri- mother bound pole prompted us to investigate Clb4
distribution. A CLB4-GFP fusion gene under the controlbution of Kar9 (Figures 4B and 4C). Disruption of either
CLB2 or CLB5 had no effect (Figures 4B and 4C). We of a galactose inducible promoter (pGAL1) was trans-
Spindle Asymmetry and Orientation
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Figure 5. Kar9 Localizes Exclusively to Microtubules and Microtubule Loading Occurs at the Spindle Pole
(A) Movie showing a Kar9 dot migrating along a microtubule. The dot moved toward the spindle pole with the retracting microtubule. The end
of the microtubule is marked with a black arrow, and the Kar9 dot with a red arrow.
(B) Kar9 molecules present on microtubule tips is neither provided by nor exchanged with cortical Kar9. The bud of a cell expressing Kar9-
GFP was photobleached by laser. Kar9 dots were observed to migrate into the bud and their intensity did not diminish as they entered the
bleached area. The bleached area is outlined in blue. Kar9 dots are marked with red arrows. The elapsed time after photobleaching is indicated
in each frame.
(C) Kar9 molecules present at microtubule tips originate from the spindle pole. The Kar9 dot observed in the mother cell (spindle pole) was
photobleached as in B. No recovery was observed in the mother, nor did dots form in the bud.
formed into wild-type cells expressing Spc42-CFP. A pole. In cells with a properly oriented spindle, the promi-
nent Clb4-GFP dot colocalized with the Spc42-CFP-CLB5-GFP construct was used for comparison. After 3
hr on galactose, Clb4-GFP was observed as a diffuse labeled pole distal to the bud (Figure 4D). Clb5-GFP was
only seen as a diffuse nuclear staining (data not shown).staining in the nucleoplasm and as a prominent dot at
the nuclear periphery (Figure 4D). This dot colocalized Thus, Clb4 localized asymmetrically on spindle poles
and preferentially to the pole without Kar9. Similar re-with Spc42-GFP in 100% of the cases. In budded cells
with duplicated SPBs, Clb4 localized essentially to one sults were obtained with Clb3 (data not shown). These
Cell
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Figure 6. Kar9- and Myo2-Dependent Orientation of d Pole, but Not m Pole, Microtubules toward the Bud
(A) Movie of a wild-type cell with a short spindle showing a microtubule growing from one pole and orienting toward the bud. The microtubules
were visualized with GFP-Tub1. This cell also expresses Kar9-GFP, causing the increased intensity at the plus end of the orienting microtubule.
(B) Measurement of polar angles over time in wild-type cells. Examples are shown for single individual microtubules that emanated from either
the daughter- (d-) or the mother bound (m-) pole. A drawing defines the polar angles.
(C) Plot of polar angles at t  27 s versus t  0 for d pole (red, N  81) and m pole (blue, N  34) microtubules. Note that within this time
frame, most d pole microtubules have reoriented toward the bud (polar angle  0), while the m pole microtubules remain along the diagonal.
(D) Polar angles over time for d pole microtubules in the kar9 (blue) and the dhc1 (red) mutants.
(E) Polar angles over time for d pole microtubules of a myo2-16 mutant grown at the permissive temperature (red) or after a 10 min shift to
the restrictive temperature (blue).
(F) Polar angles over time for d pole microtubules in cells treated with latrunculin A (blue), and after washing out the drug (red).
(G) Statistical analysis of d pole microtubule reorientation toward the bud in cells of the indicated phenotypes and upon growth in the indicated
Spindle Asymmetry and Orientation
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results are consistent with Clb4/Cdc28 phosphorylating 3D time-lapse microscopy. As described, microtubule
behavior unambiguously identified an active (daughterKar9 at and thereby inhibiting its localization to the pole
destined to the mother cell. bound pole) and a relatively inactive pole (mother bound
pole) (Vogel et al., 2001). We observed a striking differ-
ence between the microtubules coming from each poleKar9 Is Loaded onto Microtubules
at the Spindle Pole in their ability to orient in the cell. Short microtubules (1
m) growing from the daughter bound pole emanated atNext, we wanted to clarify the function of Kar9. Using
time-lapse microscopy, we frequently observed that various angles relative to the mother-bud axis (Figure
6A). However, they rapidly reoriented toward the budKar9 dots moved from the spindle pole toward the cortex
along microtubules and retracted toward the spindle as they elongated (Figure 6A), indicating that they were
guided by some mechanism. In contrast, microtubulespole together with shrinking microtubules (Figure 5A;
Supplemental Movie S1). Altogether, Kar9 localized pri- coming from the mother bound pole did not reorient
(Figures 6B and 6C).marily to microtubules emanating from the Kar9-loaded
pole (examples in Figures 1A, 2A, and 7A). Furthermore, To confirm this observation, we monitored over time
the angle that microtubules (N  120) made with thein cells treated with nocodazole, no Kar9-YFP dots were
observed at the bud cortex (Figure 1C). In these cells, mother/bud axis (polar angle) in wild-type cells. When
the microtubules emerged from the daughter boundKar9 was only observed on the spindle pole. Thus, our
data indicate that, unlike for overexpressed Kar9 (Miller pole, this angle dropped within few frames upon micro-
tubule emergence (examples in Figure 6B). Microtubuleand Rose, 1998), the localization of endogenous Kar9
to the bud cortex depends on microtubules. They also orientation took place in the mother cell and did not
depend on whether the spindle was properly orientedsuggest that these Kar9 molecules originally come from
the spindle pole. or not (example in Figure 6A). In contrast, the polar angle
of microtubules coming from the mother bound poleTo clarify the origin of the Kar9 molecules present in
cortical dots, cells expressing GFP-Tub1 and Kar9-GFP varied little over time, indicating that these microtubules
failed to reorient (examples in Figure 6B). This differenceor Kar9-GFP alone were subjected to photobleaching
experiments (Figures 5B and 5C). First, the bud was was obvious when we plotted polar angles at t  0
(angle upon emergence from the pole) versus t  27irradiated to photobleach cortical Kar9-GFP. In these
cells, Kar9 dots still formed and were seen to move from s (three frames after emergence) for a population of
microtubules coming from either the daughter bound orthe presumptive spindle pole into the bud (Figure 5B,
13/14 experiments). Once in the bud, they neither disap- the mother bound pole (Figure 6C). 98% of the microtu-
bules coming from the daughter bound pole (N  81)peared nor lost intensity compared to unbleached cells,
suggesting that they did not exchange material with reduced their angle within this time, and 93% of them
reached a small angle (25) independently of theirbleached molecules at the bud cortex. In experiments
where GFP-Tub1 was also present, these dots localized angle of emergence. In contrast, microtubules coming
from the mother bound pole (N  34) remained on theto the plus end of growing and shrinking microtubules.
Thus, little or no Kar9 found at the tip of microtubules diagonal of the graph, indicating that they barely
changed orientation within 27 s. Accordingly, only 9% ofin the bud originated from the bud cortex.
In reverse experiments, we bleached the pool of Kar9 them reached low angles. Together, our results indicate
that microtubules growing out of the daughter boundat the pole and monitored dot formation in the bud. In
eight out of nine such experiments, no recovery of Kar9 pole and loaded with Kar9 do not randomly search for
the bud cortex but are guided from the start toward theirwas observed at the pole, and no Kar9 dots formed in
the bud (Figure 5C). Thus, the Kar9 molecules present target.
at the tip of microtubules in the bud all originate from
the spindle pole or its vicinity. A putative cortical pool Microtubule Guidance Depends on Kar9,
Myo2, and Actinof Kar9 made no or little contribution to the formation
of Kar9 dots. Together, our results indicate that Kar9 We next investigated the mechanism of microtubule
guidance toward the bud. This process depended onwas loaded onto microtubules at the spindle pole. This
conclusion is consistent with the observation that Kar9 Kar9, since cells lacking Kar9 completely failed to orient
microtubules (Figures 6D and 6G). It also depended onlocalization was restricted to the microtubules emerging
from the Kar9-loaded pole. Myo2, since the myo2-16 cells showed the same defect
upon shift to the restrictive temperature (Figures 6E and
6G). The myo2-17 allele leads to a temperature-sensitiveMicrotubules Emanating from the Daughter Bound
Pole Are Actively Guided toward the Bud growth defect, yet does not affect either motor function
or the Kar9-Myo2 interaction (Yin et al., 2000). This alleleTogether, our results indicate that Kar9 acts predomi-
nantly on microtubules and not at the cortex, as pre- did not affect microtubule orientation (Figure 6G). Thus,
the function of Myo2 in microtubule guidance correlatesviously proposed. Thus, we reexamined the function of
Kar9. To address this issue, we first analyzed the behav- with its ability to bind Kar9. Finally, cells treated with
latrunculin A also failed to reorient microtubules towardior of cytoplasmic microtubules in wild-type cells by
conditions. 50 to 200 microtubules were traced for each quantification. Microtubules were scored as orienting if (1) they were not properly
oriented at emergence, (2) reorientation toward lower angles was rapid (took place within the first three frames), and (3) the microtubule plus
end actually reached the bud neck.
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the bud (Figure 6F). In contrast, reorientation of microtu- Kar9 Asymmetry Is Specifically Required
bules emanating from the active pole was not affected for Its Function in Spindle Positioning
by disruption of either dynein or BIK1 genes (Figures Inactivation of Kar9 function is not lethal in wild-type
6D and 6G). We conclude that microtubules emanating cells because the dynein pathway rescues spindle posi-
from the active pole were guided toward the bud in an tioning during anaphase. However, the kar9 dhc1
actin-, Myo2-, and Kar9-dependent manner. double mutant is not viable (Miller et al., 1998). To test
whether asymmetric loading of Kar9 onto microtubules
Symmetric Loading of Kar9 onto Spindle Poles is required for proper Kar9 function, we tested whether
Orients Both Poles toward the Bud the dhc1 KAR9-AA strain is viable. A dhc1 kar9
Taken together, our data indicate that Kar9 loading onto strain rescued with a URA3-based KAR9-TAP plasmid
microtubules at one spindle pole targets these microtu- was transformed with constructs encoding either Kar9,
bules into the bud. In turn, this may orient the spindle or Kar9-AA, or with an empty vector. The transformants
pole toward the bud. To test whether this is the case, were then restreaked on 5-FOA to test whether they
we next investigated the consequence of symmetric survived in the absence of the URA3- and KAR9- con-
loading of Kar9 onto spindle poles using Kar9-AA-YFP, taining plasmid. As shown in Figure 7G, the KAR9-AA
which frequently localizes at both poles (Figures 4B and plasmid was not able to support growth of the dhc1
7B). Cells expressing this mutant protein, together with kar9 double-deleted strain. Consistently with Kar9-AA
CFP-Tub1, were monitored by time-lapse microscopy. acting dominantly and not as a null, a dhc1KAR9 strain
The difference between the cells expressing wild-type transformed with a KAR9-AA-containing plasmid had a
(see Supplemental Movie S2 online at http://www.cell. growth defect at 20C (data not shown). The same strain
com/cgi/content/full/112/4/561/DC1) and mutated Kar9 was not affected for growth at this temperature when
(see Supplemental Movie S3 online at http://www.cell. transformed with an empty vector or a KAR9-containing
com/cgi/content/full/112/4/561/DC1) was striking. In plasmid. Altogether, our data demonstrate that asym-
cells expressing only wild-type Kar9, most spindles metric loading of Kar9 on spindle poles and microtu-
(80%, N  59 movies) were properly oriented, with Kar9 bules is essential for Kar9 function in spindle alignment.
localizing on the pole and microtubules pointing toward
the bud (Figure 7A). These spindles rarely changed posi- Discussion
tion or orientation. In contrast, Kar9-AA was frequently
on both sides of the spindle (poles and microtubules, Spindle Asymmetry Is Required for Proper
56%, N  36 movies) and the vast majority of the spin- Spindle Orientation
dles were misoriented (87%, Figure 7B). They performed In this study, we show that asymmetric localization of
a “dance,” in which each pole repeatedly moved toward spindle pole components is required for alignment of
the bud and retracted as the other moved toward the the spindle with cell polarity. This conclusion is based
bud (Supplemental Movie S3). In KAR9-AA cells, micro- on the following observations.
tubules coming from both poles were guided toward the First, the microtubule-associated protein Kar9 local-
bud at high frequency (Figure 7C, N 142 microtubules). ized asymmetrically on the spindle poles and on micro-
This was in contrast to both wild-type cells (Figures 6B
tubules. At the spindle pole, Kar9 appears to localize to
and 6C, N  191 microtubules), where mainly microtu-
the SPB rather than on short cytoplasmic microtubules
bules coming from the daughter bound pole, and to
since Kar9 levels at the pole are not sensitive to nocoda-kar9 cells, where microtubules coming from neither
zole. In contrast, the localization of microtubule-associ-pole, were guided toward the bud (Figure 7C, N  114
ated proteins to spindle poles, such as dynein, is im-microtubules). Cells expressing both Kar9-AA and en-
paired by microtubule depolymerizing drugs (Shaw etdogenous Kar9 also guided microtubules coming from
al., 1997). According to the idea that Kar9 localizes toboth poles toward the bud (Figure 7C, N 254 microtu-
the SPB independently of microtubules, we found (simi-bules). Thus, Kar9-AA acted in a dominant manner to
larly to Lee et al. 2000) that overexpressed Kar9 localizesguide microtubules from both poles toward the bud.
to spindle poles in bim1 cells (Kusch and Barral, un-Therefore, the serine to alanine mutations affected only
published data). In these cells, Kar9 localization to mi-Kar9 distribution, but not its ability to guide microtubules
crotubules was not restored by overexpression. Thus,toward actin nucleation sites. Accordingly, Kar9-AA was
Kar9 localizes asymmetrically to both SPBs and micro-also fully functional for proper microtubule orientation
tubules.during mating (Figure 7D). Together, our data indicate
Second, Kar9 asymmetry depended on the activity ofthat loading of Kar9 on both poles leads to the targeting
the Cdk1 kinase, specifically Cdc28/Clb4 and perhapsof both poles toward the bud.
Cdc28/Clb3. Cdc28/Clb4 and Cdc28/Clb3 phosphory-Similar results were obtained in the clb4 mutant,
lated Kar9 in vivo and also localized asymmetrically ontowhere Kar9 was associated with both poles of the major-
SPBs. Finally, unphosphorylatable variants of Kar9 lo-ity of the spindles (73%, 53 movies). These spindles
calized symmetrically on spindle poles and microtu-were misoriented (79%, Figure 7E) and showed aberrant
bules. This form of Kar9 was still active for microtubulespindle movements similar to those of the cells express-
guidance, as observed during both mating and spindleing Kar9-AA (see Supplemental Movie S4 online at http://
orientation. However, spindles that were symmetricallywww.cell .com/cgi /content/ full /112/4/561/DC1) . In
loaded with Kar9 failed to achieve and maintain propercontrast, cells lacking Clb5 behaved like wild-type in
orientation.regard to spindle orientation (Figure 7F) and movement
Kar9 has been proposed to mediate microtubule inter-(see Supplemental Movie S5 online at http://www.cell.
com/cgi/content/full/112/4/561/DC1). actions with the cortex (Korinek et al., 2000; Lee et al.,
Spindle Asymmetry and Orientation
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Figure 7. Kar9 Asymmetry Is Required for Proper Spindle Positioning
(A) Wild-type cell expressing wild-type Kar9 fused to YFP, together with CFP-Tub1.
(B) A wild-type cell expressing Kar9-AA-YFP at endogenous levels. Kar9-AA-YFP is present at both poles, microtubules from both poles point
toward the bud and the spindle is misaligned. Since the wild-type copy of Kar9 is also present, Kar9-AA acts in a dominant manner.
(C) Kar9-AA causes guidance of mother bound microtubules toward the bud, in a dominant manner. Quantification of the fraction of microtubule
guided toward the bud as in Figure 6G. This quantification is shown for both d- and m pole microtubules in the strains of the indicated
genotypes.
(D) Picture of cells treated with pheromone. GFP-TUB1 cells expressing solely the indicated form of Kar9 were monitored for their ability to
orient microtubules (green arrows) toward the shmoo tip (red arrows).
(E) A clb4 KAR9-YFP CFP-TUB1 cell.
(F) A clb5 KAR9-YFP CFP-TUB1 cell.
(G) A dhc1 kar9 double mutant containing a pURA3-KAR9 plasmid was transformed with TRP1-based plasmids containing wild-type KAR9,
KAR9-AA, or no insert. Absence of growth on 5-FOA plates (on which URA3 cells cannot grow) indicates that the indicated TRP1 plasmid
cannot replace wild-type KAR9 for spindle orientation in the absence of dynein.
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regard to Kar9 loading. Regulation of Kar9 loading is
ensured by the cell cycle machinery, which phosphory-
lates Kar9 and reduces its affinity for Bim1. This inhibi-
tion prevents efficient association of Kar9 with microtu-
bules and spindle poles. Our results indicate that this
inhibition most likely takes place locally at the mother
bound pole. Indeed, Clb4 was found to localize preferen-
tially to the mother bound pole at which Kar9 binding
is low. Thus, we propose that it is the recruitment of
Clb4 to a single pole that ensures the asymmetry of
Kar9 distribution.Figure 8. Model
The mechanism of Clb4 asymmetry needs now to beKar9 attaches first to the daughter bound pole. Binding is inhibited
at the mother bound pole due to high Clb4 activity at that pole. elucidated. Clb4 asymmetry may depend on some struc-
Kar9 is loaded onto microtubules at the daughter bound pole upon tural asymmetry. Our data do not support the idea that
nucleation or transported to the plus end via motor activity. Kar9- spindle asymmetry depends on cortical polarity. Rather,
loaded microtubules are then guided toward the bud along actin
Clb4 localization may be coupled to spindle pole bodycables, due to Kar9-dependent recruitment of Myo2. Microtubules
duplication. Clb4 and Clb3 participate in this processemanating from the mother bound pole are not loaded with Kar9
(Haase et al., 2001; Tyers et al., 1991). Therefore, theyand therefore do not orient toward the bud.
may associate primarily with the assembling SPB. Sup-
porting this idea, recent studies revealed that the new
SPB is directed toward the mother (Pereira et al., 2001).2000; Miller et al., 2000; Miller and Rose, 1998). The
model currently accepted proposes that Kar9 is local-
Spindle Poles as Loading Machinesized to the bud cortex by the type V myosin, Myo2.
Another important conclusion of our study is that Kar9There it forms a capture site for microtubules due to its
is loaded onto microtubules at the spindle pole, a con-ability to interact with the EB1 homolog Bim1. Microtu-
clusion supported by our photobleaching data and thebules are thought to reach this site by random search.
observation that Kar9 distribution is spindle pole depen-Our data are inconsistent with this model. First, we found
dent. Alternatively, Kar9 may be loaded onto microtu-that endogenous Kar9 localized to and acted on micro-
bules at other cellular locations, but its maintenance ontubules rather than at the cortex. In fact, Kar9 was only
specific microtubules must be controlled at the spindleseen at the cortex independently of microtubules when
pole. Thus, we propose that spindle poles act as loadingoverexpressed (Korinek et al., 2000; Lee et al., 2000;
machines for microtubule-associated factors. Concep-Miller and Rose, 1998). Second, we show that during
tually, this finding has at least two interesting implica-their growth, microtubules are guided toward the bud
tions. First, this ensures that only microtubules that arein a Kar9-, Myo2-, and actin-dependent manner. There-
associated with a specific pole become loaded withfore, orientation did not depend on random search. Fi-
given molecules. This could prove important in cellsnally, if Kar9 acted at the cortex, microtubules coming
such as neurons, where microtubules frequently detachfrom both spindle poles would have the same chance to
from nucleation sites (Baas, 1999) or in cells where mi-reach attachment sites. However, the analysis of spindle
crotubules are nucleated at various sites. Second, spin-pole inheritance (Pereira et al., 2001) and our analysis
dle pole-dependent loading sorts microtubules intoon microtubule behavior showed that this is not the
functional classes and gives them different propertiescase. Not only are microtubules guided toward cortical
dependent on the pole they emanate from. In yeast, wesites, but guidance was also restricted to microtubules
show that this plays a crucial role in positioning thecoming from a single pole. Therefore, our results estab-
spindle appropriately relative to the polarity axis.lish that Kar9 must rather be viewed as an adaptor that
How should we conceive the loading activity of spin-links microtubule plus ends to the myosin V Myo2, as
dle poles? Spindle poles could titrate cargos from thealready proposed by Yin et al. (2000). In this manner,
cytoplasm and ensure that they do not interact withKar9 guides microtubules along actin cables and toward
microtubules at random sites. Our FRAP data are con-actin nucleation sites at the bud neck (Kusch et al., 2002)
sistent with this possibility. In addition, spindle poles areand in the bud (Miller and Rose, 1998).
likely to interfere with the regulation of motor molecules.
The loading of molecules like Kar9 may depend on theirA Model for Kar9 Function in Spindle Orientation
motorized transport to microtubule plus ends, a viewAltogether, our results support the following model (Fig-
supported by the observation of Kar9 dots moving alongure 8). Kar9 loading onto microtubules takes place
microtubules. Recent studies have shown that the tipmainly at the spindle pole. During G1 and mating, the
molecule EB1 also associates with centrosomes (Reh-cell contains a single SPB. This SPB harbors Kar9, which
berg and Graf, 2002) and that some minus-end mole-is loaded onto microtubules emanating from this pole.
cules, such as 	-tubulin, affect plus-end activities (VogelIn cells with unduplicated SPBs, Kar9 is crucial to orient
et al. 2001). Thus, microtubule-organizing centers maythe spindle pole toward the cortex to position the nu-
have a conserved function as loading machines.cleus adequately for mitosis or karyogamy (Miller and
Rose, 1998). However, upon spindle pole duplication,
alignment of the spindle along the polarity axis requires A Compass Theory for Spindle Alignment
Spindle alignment with polarity cues is a recurrent andthat only one pole be directed toward actin nucleation
sites. The other spindle pole needs to be inactive in crucial process during asymmetric cell division. In most
Spindle Asymmetry and Orientation
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(Vogel et al. 2001), focusing with 8/10:3/10 ampholytes for 1500 voltcases, the question of whether the two poles are identi-
hours.cal or not is highly debated. Here, we propose that spin-
dle alignment functions like the alignment of a compass
Fluorescence and Time-Lapse Microscopywith the north-south axis of the earth. Orientation of the
Fluorescence microscopy was performed as described (Kusch et
compass relies on the fact that it has its own magnetic al., 2002) with an Olympus BX50 microscope equipped with a piezo
polarity. Interaction of the polarity of the compass with motor, TILLVision software (TILLPhotonics, Martinsried, Germany),
that of the external magnetic field is what allows the and a HQ-lamp as light source. For the localization of GFP-, YFP-,
and CFP-labeled proteins, Z stacks of 6–11 layers (step size 0.3–compass to “read” the orientation of that field. The situa-
0.4m) were taken with appropriate exposure times and projectedtion is very similar in the case of the mitotic spindle.
into a single plane.Both the establishment of a spindle polarity and the
Time-lapse microscopy was performed using a monochromator
interaction of one of the polarized components, Kar9, Polychrom IV as light source and a high-speed CCD camera (Imago,
with cortical polarity, via actin cables, were crucial for TillPhotonics). Z stacks of nine focal planes (0.3 m apart, 1 s expo-
the proper orientation of the spindle. sure, binning 2 
 2) were taken continuously for 450 s. Two color
movies were performed using a Chroma CFP/YFP dual band filter.This mechanism may be conserved. Our results reveal
In this case, Z stacks of five focal planes (0.4m apart) with 1 ssimilarities between Kar9 and APC (adenomatous polyp-
acquisition for each channel were taken at 0 or 10 s intervals. Pro-osis coli). Like APC, Kar9 interacts with EB1, localizes
jected pictures were analyzed using NIH Image 1.62b7 (by Wayne
to microtubule ends, and is implicated in microtubule Rasband, NIH). Microtubule angles were measured from the time
orientation and spindle positioning. In turn, APC also of emergence until they reached the neck or shrank back.
interacts with the actin cytoskeleton and is regulated myo2 mutants were shifted to the restrictive temperature for 5 min
on the microscope heating table prior to observation. Latrunculin Aby phosphorylation (Tio et al., 2001; Dikovskaya et al.,
was added at 200 M final to early log cells for 15–60 min at room2001; Bienz, 2001). Remarkably, human APC has been
temperature. Staining with rhodamin-phalloidin confirmed the effectshown to be a substrate of Cdc2, and its phosphoryla-
of the drug. For recovery, three washes were performed with fresh
tion by this cyclin-dependent kinase reduces the affinity medium. The cells recovered for 30 min before viewing.
of APC for EB1 (Trzepacz et al., 1997). The phosphoryla-
tion site involved is conserved between APC and Kar9 Photobleaching
(Bienz, 2001; Figure 3E). Thus, our findings may have Photobleaching experiments were performed on a Zeiss LSM510
confocal microscope using an argon laser (maximum output: 25implications for our understanding of spindle orientation
mW). GFP was visualized at 2% transmission. Photobleaching wasin many other cell types.
carried out at full intensity for 10–20 iterations. Afterwards, the signal
was detected by continuous acquisition of ten focal planes (0.4 mExperimental Procedures
apart) for 5–10 min. Bleaching was minimal; Kar9-GFP dots were
still visible in unbleached cells. Photobleaching did not affect cellStrains, Plasmids, and Growth Conditions
viability or microtubule dynamics as tested in cells labeled withMedia and genetic methods are described (Guthrie and Fink, 1991).
GFP-TUB1.Yeast strains are listed in Supplemental Table S1 online at http://
www.cell.com/cgi/content/full/112/4/561/DC1. C-terminal tags and
gene deletions were generated at endogenous loci as described Acknowledgments
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Extracts were prepared from 15 OD600 cells washed three times
(W buffer: 150 mM NaCl, 1 mM EDTA, 5 mM MgSO4, 50 mM Tris-
ReferencesHCl [pH 7.8], 20 mM -glycerophosphate). Cell pellets were broken
with glass beads for 2 
 3min at 4C in100 l of L buffer (W buffer
Adames, N.R., and Cooper, J.A. (2000). Microtubule Interactionswith protease inhibitors, Sigma yeast protease inhibitor cocktail,
with the Cell Cortex Causing Nuclear Movements in Saccharomycesand 1% NP-40). 900 l of W buffer was added and extracts were
cerevisiae. J. Cell Biol. 149, 863–874.clarified at 13,000 
 g for 10 min. Immunoprecipitations were per-
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